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ABSTRACT
The dissipative infall of gas during the formation of a galaxy modies the density
prole and shape of the dark halo. Gas dissipates energy radiatively and sinks to the
center of the dark halo forming the luminous part of a galaxy. The resulting central
density enhancement can alter the halo's orbital distribution. We simulate dissipative
infall inside of an initially triaxial N-body dark halo by slowly growing a potential in
the center of the particle distribution. We use both a disk and spherical potential to
model the eect of spiral and elliptical galaxies respectively. The orbits of dark matter
particles change in the presence of the central potential. Not only does the central
density increase as predicted but the dark halo transforms from a prolate-triaxial halo
(T  0:8) to an oblate-triaxial halo (T  0:5) while approximately preserving the
attening (c=a  0:5). The main implication is that dark halos are rounder and
more oblate than previous predictions of purely collisionless simulations with the new
constraint that b=a
>

0:7. At the same time, the distribution of intrinsic attenings of
dark halos (hc=ai = 0:5, h(c=a)
2
i
1=2
= 0:15) is preserved during the period of baryonic
infall. The oval distortions of disk galaxies should therefore be slightly less than original
predictions from collisionless dark halos. The predicted distribution of shapes for dark
halos from cosmological N-body simulations is in better agreement with distribution
of ellipticities of elliptical galaxies if we assume all halos and galaxies become oblate-
triaxial in response to baryonic dissipation. The observed distribution of kinematic
misalignment angles is also consistent with this shape distribution if elliptical galaxies
rotate about their intrinsic minor axes.
Subject headings: galaxies: formation { galaxies: kinematics and dynamics { galaxies:
structure { galaxies: Elliptical { methods: numerical
1 Introduction
Galaxies are not spherical. The observed kinematics and apparent shapes of elliptical
galaxies are consistent with a family of slowly rotating triaxial ellipsoids (Bertola & Cap-
paccioli 1975; Binney 1978; Franx et al. 1991). The spiral galaxies are well approximated
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2by axisymmetric disks though many disks exhibit warps (e.g. Sanchez-Saavedra, Battener &
Florido 1990) and there is evidence that disks are ovally distorted (e.g. Franx & de Zeeuw
1991) including the Galaxy with disk ellipticities as great as 
disk
= 0:1 (Kuijken & Tremaine
1993). These eects naturally arise if the dark halo is triaxial. The polar ring galaxies also
probe the attening of the dark halo perpendicular to the plane of the disk through com-
parison of the rotation curve of the disk and the inclined ring (e.g. Whitmore, McElroy, &
Schweizer 1987). The interpretation of the observations are model dependent but suggest a
range of possible attenings with q  c=a = 0:3  1:0 (Sackett & Sparke 1991). The triaxi-
ality of both elliptical galaxies and the dark halos of disk galaxies is a clue to the underlying
physics of galaxy formation and these observations clearly place constraints on the dierent
models of galaxy formation.
Triaxial dark halos occur naturally in hierarchical structure formation. The density
peaks that are the site of galaxy collapse in the Gaussian random elds of hierarchical mod-
els are triaxial (Bardeen, Bond, Kaiser and Szalay 1986). Cosmological N -body simulations
using the CDM power spectrum (Frenk et al. 1985; Dubinski & Carlberg 1991) and dierent
initial power spectra (Warren et al. 1992) produce triaxial dark halos. These dark halos
are highly attened (c=a  0:5) and often tend towards prolate-triaxial shapes (c=b > b=a),
especially in their inner regions. The simulated dark halos also rotate slowly (dimension-
less spin   0:05) and the rotation occurs about an axis close to the intrinsic minor axis
(Warren et al. 1992; Dubinski 1992). The shape distribution of simulated dark halos is not
consistent with the distribution of apparent ellipticities (as measured from isophotes) for el-
liptical galaxies. The elliptical galaxies must come from an intrinsically rounder distribution
though the distribution is not uniquely determined. While it is not obvious that the stellar
component of elliptical galaxies and the presumed dark halo should have the same shape,
it seems the most natural state of aairs if they form through the dissipationless merger of
protogalactic substructure (Quinn, Salmon & Zurek 1988).
The missing ingredient in collisionless N -body simulations of dark halo formation is
gaseous dissipation. In a complete picture of galaxy formation, baryons become segregated
from the collisionless dark matter through dissipation of their gravitational energy through
radiative cooling and star formation and sink to the center of the dark halo (e.g. White
& Rees 1978). Dierent workers have begun to simulate galaxy formation using both gas
and dissipationless dark matter quantifying this picture to some extent (Katz & Gunn 1991;
Evrard, Summers & Davis 1992). The settling of a dense lump of baryons in the center can
modify the dark halo. The central density of the dark halo increases in response to the added
mass in the center changing the dark halo density prole (Blumenthal et al. 1986; Ryden &
Gunn 1987; Ryden 1991; Flores et al. 1993). Collisionless N-body simulations do not include
these eects. The density enhancement of the central baryons may also isotropize the orbits
of the dark halo. A slowly rotating dark halo has a large fraction of box orbits that by their
nature pass near the center. A central density enhancement can alter the distribution of
orbits and therefore modify the shape of the dark halo. Recent models of galaxy formation
that include gas (Evrard et al. 1993) produce a much rounder and more oblate distribution
of dark halos than purely dissipationless models.
In this paper, we examine the eect of dissipation on the shapes of dark halos. We
3simulate dissipative infall by growing a central potential corresponding to a luminous galaxy
in the center of a dark halo generated with a cosmological N-body simulation. The orbits
of the dark halo adjust to the presence of the central potential and form a more oblate
distribution while preserving the initial attening. We therefore expect a larger fraction
of oblate galaxies than predicted by dissipationless simulations. If the eect is universal,
we can produce an intrinsic ellipticity distribution of dark halos that is consistent with the
elliptical galaxies contrary to predictions from collisionless simulations. In x2 we describe
the simulations. In x3 we present the results on the modied shapes and density proles of
dark halos. In x4 we discuss the importance of the change in shape to the internal properties
of ellipitical and spiral galaxies and provide an educated guess of the intrinsic distribution
of elliptical galaxies. In x5 we summarize our ndings.
2 The Experiments
2.1 The Dark Halo
The rst requirement of our experiments is a representative dark halo. We set up the
initial conditions for the dark halo using the technique described in Dubinski & Carlberg
(1991) and generate the halo using an N-body simulation. Our simulation assumes a standard
CDM power spectrum (H
o
= 50 km s
 1
, h = 1=2, 
 = 1:0) normalized so that 
8
= 1:0 at
the present epoch where 
8
is the variance in mass excess in spheres of radius R = 8h
 1
Mpc.
In brief, we choose a density peak from a Gaussian random eld of density uctuations. We
set up the random eld inside of cube that is 8 Mpc (128 divisions) on a side by Fourier
transforming a random sampling of waves from the CDM power spectrum. The density eld
is convolved with a Gaussian lter with a lter radius, R
f
= 0:75 Mpc corresponding to a
galactic scale. We choose a peak with a height in the range  = 2:0 to 3.0 that is isolated
from its neighbors. Although, density peaks are not necessarily collapse sites because of the
eect of tidal shear (Katz et al. 1993, Bertschinger & Jain 1993), high peaks often are and
the peak discussed here is a collapse site. We set up the initial conditions by laying particles
in a cubical lattice within a sphere surrounding the peak and calculate the positional shifts
and peculiar velocities using the Zel'dovich (1970) approximation . We also add a Hubble
velocity, v = Hr, to each particle. We account for the external torque with a time-dependent
tidal potential corresponding to a 1 tidal eld as described in Dubinski & Carlberg (1991).
We simulate the halo using an N -body tree code based on the Barnes-Hut algorithm
(Barnes & Hut 1986) employing a multiple timestep scheme similar to the method described
by Hernquist and Katz (1989). Each particle is assigned an individual timestep from a
hierarchy of values that dier by factors of 2 according to the estimate of the local time
scale. The particle timestep is estimated from the value of its current acceleration through
t = Ca
 
where a is the acceleration and C and  are arbitrary constants. We use  = 0:75
which is a compromise between the expected time scale dependence for an isothermal sphere
( = 1=2) and a point mass ( = 3=2). We select a constant, C, which is small enough
to minimize integration error but as large as possible to save computing time. As the
acceleration on the particle increases or decreases the timestep is either multiplied or divided
4Fig. 1.{Axial ratio proles of the dark halo. The solid and dotted lines respectively trace the
ratios c=a and b=a. The error bars represent the variance in the axial ratios for measurements from
20 time intervals spanning 2.0 Gyr at the end of the simulation. The errors in the axial ratios are
small showing that the dark halo is in equilibrium.
by a factor of two. For the dark halo simulations, the minimum time step is set to t = 2:8
Myr and ranges in powers of 2 up to a maximum value of t = 90 Myr with the constant
C = 22:5 Myr.
The N-body simulation uses approximately 70000 particles arranged in a sphere with a
diameter of 2 comoving Mpc containing a total mass of 2 10
12
M

. The particle softening
radius is 1.1 kpc. The initial peak height is  = 2:5. We ran the simulation until 
8
= 0:5
until the halo was virialized. The nal dark halo is a highly attened nearly prolate object
as shown by its initial axial ratio prole (Figure 1). We calculate the axial ratio prole using
the method described in Dubinski & Carlberg (1991) that relates the shape of ellipsoidal
shells to the dimensionless inertia tensor, I
ij
=
P
x
i
x
j
=a
2
where a
2
= x
2
+ y
2
=q
2
1
+ z
2
=q
2
2
is
the elliptical radius. We determine the axial ratio in independent ellipsoidal shells containing
roughly equal amounts of mass from r = 5 to 100 kpc. There are approximately 5000 particles
in each bin so the errors are small (< 5% in the axial ratio [Dubinski & Carlberg 1991]). We
demonstrated the stability of the halo by running each simulation for a further 2 Gyr and
calculated the axial ratio proles at 20 intermediate steps. The error bars in Figure 1 show
the variance in the axial ratios at each radius by averaging over 10 consecutive snapshots.
The density prole of the dark halo is well described by an ellipsoidal Hernquist potential
of total mass M = 2:8  10
12
M

and elliptical radius a = 28 kpc. The maximum circular
velocity for the dark halo is v
max
= 320 km s
 1
. We decided to rescale the mass of the halo
so that v
max
= 200 km s
 1
for the models below while leaving the scale of a unchanged.
5The total mass of the rescaled halo is therefore M
halo
= 1:1 10
12
M

. The model therefore
corresponds to a bright galaxy like our own. The dimensionless spin parameter is  = 0:01
for this model a small value but still representative. The angular momentum vector aligns
with the minor axis of the potential within 10 degrees.
2.2 Galactic Potentials
Galaxy formation in the context of hierarchical structure formation is a messy problem.
In hierarchical models, a protogalaxy is composed of a collection of smaller scale uctuations
(the substructure), that eventually merge to form a smooth, centrally concentrated galaxy.
The process of dissipative infall has been traditionally discussed in reference to a single
monolithic collapse of a spherical perturbation (e.g. Rees & Ostriker 1977; White & Rees
1979). Gravitational collapse and dissipation occur concurrently and if the dissipative cooling
time t
cool
is less than the gravitational freefall time, t
ff
the gas will sink to the center, forming
the luminous galaxy. However, in a hierarchical collapse gas rst dissipates within the lumps
of substructure and is perhaps later reheated when merging occurs. During the time of
merging, the gas is therefore probably cycled through hot and cold phases many times. Only
after the massive mergers of the substructure are complete in the collapse, can the gas nally
cool undisturbed and settle to form the galaxy. The mass cooling rate,
_
M for bright galaxies
(V
c
 250km s
 1
) is  100M

yr
 1
(White & Frenk 1991) so the cooling time for a baryonic
mass of 10
11
M

is around 1 Gyr.
We therefore model the formation of the galaxy by slowly growing a potential in the
center of a relaxed dark halo over a period  1 Gyr. (e.g. Barnes & White 1984). We grow
the mass of the potential at a linear rate until it reaches a maximummass comparable to the
expected luminous mass of galaxies. We have chosen two growth times of t
growth
= 1:6 Gyr
and 3.2 Gyr corresponding to 8 and 16 rotation times at a R = 10 kpc. The galaxy potential
is treated as an individual particle within the simulation with its unique force law determined
by the functional form of the potential. The potential can therefore move around within the
simulation. This avoids the problem of the dark halo drifting away from the center of a rigid
potential. In practice, the freely moving potential quickly settles to the dense center of the
dark halo because of dynamical friction.
We use two forms of the potential to model both disk and spherical galaxies to represent
the eects of spiral and elliptical galaxies. For the disk potential we use the Kuzmin-Toomre
(KT) disk (Binney & Tremaine 1987),
 =  
GM
KT
(R
2
+ (R
KT
+ jzj)
2
)
1=2
(1)
mainly because of its simplicity. (In practice, we replace jzj with (z
2
+ b
2
)
1=2
where b is the
softening radius in the N-body simulation so the potential is actually that of Miyamoto &
Nagai (1975)). The rotation curve of KT disk resembles the rotation curve of an exponential
disk when M
KT
= 1:3M
e
and R
KT
= 1:3R
e
where M
e
is the mass of an exponential disk
and R
e
is the scale length. We wish to set up a model with a combined disk and halo
potential that resembles the rotation curve of a real galaxy. We choose a ratio of dark mass
6to baryonic mass ratio equal to one within 3 exponential scale radii, a situation similar to
our own galaxy (e.g. Kuijken 1989). The exponential scale radius for the disk is R
e
= 3:5
kpc (the value for the Galaxy) so our equivalent KT disk potential has a scaling radius,
R
KT
= 1:3R
e
= 4:6 kpc. We then equate the rotation curve velocity at 3 scaling radii to
the maximum value for the dark halo, v
max
= 200 km s
 1
. The total mass of the KT disk is
therefore M
KT
= 1:1  10
11
M

The composite halo galaxy model has a maximum rotation
curve velocity around 280 km s
 1
and is a reasonable representation of real rotation curve.
We align the potential so that the disk axis aligns with the minor axis of the dark halo. We
might expect this alignment since the sense of rotation of the disk is probably similar to the
dark halo. However, SPH simulations of galaxy formation show that large misalignments
between the disk and dark halo minor axis are possible (e.g. Katz & Gunn 1991).
For the elliptical galactic potential we use the spherical Hernquist (1990) potential,
 =  
GM
H
r + r
H
; (2)
which is a good t to the deprojected de Vaucouleur R
1=4
law of elliptical galaxies. The
typical eective radius for bright ellipticals is around R
e
= 6 kpc (h = 1=2) (Binney and
Tremaine 1987), corresponding to a Hernquist radius of r
H
= 3:2 kpc [since R
e
= 1:82r
H
from Hernquist (1990)]. We use a spherical potential to model what is intrinsically an
ellipsoidal distribution mainly because of simplicity but also as a minimal hypothesis since
we do not know the initial relative orientation of the stellar component and the dark halo.
Presumably in a self-consistent system they would relax to the same shape during the period
of infall. Unlike spiral galaxies, the ratio of luminous to dark matter is generally unknown
in ellipticals so we are forced to make a reasonable guess (although see Saglia et al. 1993).
We set the peak value of the \rotation curve" of the elliptical galaxy that occurs at r = r
H
to v = 200 km s
 1
, the peak value for the dark halo. Therefore, the mass of the galaxy
potential is about the same as the mass of the dark halo within a few eective radii similar
to some recent observational estimates based on the velocity dispersion proles in elliptical
galaxies (e.g. Saglia et al. 1993). The total mass of the luminous galaxy for the composite
model is M
H
= 1:4  10
11
M

.
3 Results
We did four simulations: two with a Hernquist sphere growing over times of 1.6 and
3.2 Gyr, and two with a KT disk growing over the same times. After the galactic potential
nished growing, we continued the simulations for a further 1.6 Gyr. We nd that there is
no signicant dierence between the nal results for the two dierent growth times so we
only discuss those models with t
growth
= 1:6 Gyr.
Figure 2 and 3 show the spherically averaged density proles and rotation (circular
velocity) curves for the composite models at the end of the simulations. We note that the
the nal dark halo has been compressed by the galactic potential (Fig. 2) as discussed
by several authors (e.g. Blumenthal et al. 1986; Flores et al. 1993; Ryden 1991). The
central density increases by a factor of 2 for the disk model and an a factor of 3 for the
7Fig. 2.{Spherically averaged density proles of the nal composite models. The proles of the
dark halo and the combined galaxy/dark halo model are presented by the dashed and solid lines
respectively.
spherical model. The resulting rotation curves are reasonably at and plausible models for
real rotation curves of galaxies although perhaps one might argue that they are falling too
rapidly (Fig. 3).
Figure 4 presents the change in the axial ratio proles and triaxiality parameter, T =
(a
2
  b
2
)=(a
2
  c
2
) (Franx et al. 1991) in response to the growing central potential. The
proles are the average of values found at 10 time intervals spanning the additional 1.6
Gyr of simulation time after the end of the growth of the galactic potential. The error
bars show the variance of the measured values in these 10 intervals. The small size of the
error bars indicates that the composite halo models are stable after the central potential has
stopped growing. In the disk potential model, the attening c=a remains virtually unchanged
(although there is a slight increase) whereas the b=a axial ratio increases from a value of 0.5
to 0.7 in the inner regions and to 0.8 at larger radii. In the Hernquist potential model, the
eect of the potential is stronger. The ratio c=a increases from c=a = 0:4 to c=a = 0:6 while
b=a increases to 0.8 over the entire halo. The halo triaxiality changes from about T = 0:9
(prolate) initially to T = 0:6 for the disk model and T = 0:5 for the spherical model. Figure
5 also shows the transformation to an oblate shape by presenting the \isophotes" in the plane
of intermediate and major axis (view down the minor axis) before and after the growth of
central potential.
The growth of the central potential makes the dark halo more oblate (although the nal
value of T  0:5 corresponds to a \maximally" triaxial ellipsoid) and rounder for the spherical
potential. We can understand this eect by considering inuence of a central potential on
8Fig. 3.{Rotation curves of the nal composite models. The rotation curves of the galactic potential,
the dark halo and the combined galaxy/dark halo model are presented by the dotted, dashed and
solid lines respectively.
Fig. 4a.{Evolution of the (a) c=a ratio (b) b=a ratio and (c) triaxiality T for the growing KT disk
and Hernquist sphere. The dashed line presents the results for the control experiment in which
no central potential was included. The solid line present the results including the potentials. The
error bars show the variance in shape measurements for 10 time intervals after the central potential
has stopped growing. The small error bars show that the models are in equilibrium.
9Fig. 4b.{
Fig. 4c.{
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Fig. 5.{The surface density contours (\isophotes") of the dark halo in the plane of intermediate
and major axis before and after the growth of the spherical Hernquist potential. The halo becomes
considerably rounder in the equatorial plane and therefore more oblate.
the orbits of particles within the dark halo. The analysis of the eect of baryonic infall on
dark halos has usually been done using spherical potentials (e.g. Blumenthal et al. 1986;
Ryden 1991; Flores et al. 1993). Under the assumption of a slowly growing galaxy, there are
adiabatic invariants of the dark halo orbits namely the angular momentum and the radial
action. For slowly rotating triaxial potentials, the orbits are mainly box orbits though the
presence of rotation about the minor axis and the roughly ellipsoidal shape indicates that
there are also some tube orbits. The box orbits at all radii will pass near the center of the
dark halo and should therefore interact with the central galactic potential. Figure 4 reveals
that the halo axial ratio prole changes all the way out to a  100 kpc. The changes in
shape at all radii show that the galactic potential is strongly aecting the shapes of the box
orbits.
We can demonstrate this eect by integrating representative box orbits in a attened
potential for the dark halo with a growing Hernquist potential to represent the baryonic
component. For simplicity, we only look at orbits conned to a plane. We use the logarithmic
potential for the attened component given by,
 =
v
2
c
2
ln
 
r
2
L
+ x
2
+
y
2
q
2

!
(3)
where q

is the attening of the potential. The attening of the density is, 

 3

where the
ellipticity is  = 1   q. We examine two models with q

= 0:8 and q

= 0:9 corresponding
to q

 0:4 and q

 0:7. We scale the Hernquist potential so that r
L
=r
H
= 3:0 and
r
L
v
2
c
=GM
H
= 1:0 corresponding approximately to the relative scaling of the N-body models.
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The Hernquist model grows for 10 orbital periods for orbits with r = r
L
. The elongation of
the sample box orbits is chosen to match the axial ratio of the density prole. Orbits of this
type will make up most of the mass distribution though some tubes are needed to ll in the
space on the y axis.
Figure 6 presents the evolution of two sample box orbits in the logarithmic potentials
with and without the growing sphere. The eect of the central component is striking. In both
models, the elongation or axial ratio of the box orbits decreases. In the case of q

= 0:9, the
orbit almost transforms into a loop orbit. There are very likely adiabatic invariants similar
to the total angular momentum and radial action in spherical models that remain unchanged
during the growth of the central potential (e.g. Blumenthal et al. 1986; Binney & May 1985).
However, it is dicult to calculate them analytically in a general attened potential. The
orbits in the self-consistent N-body simulation are probably conserving similar quantities as
they respond to the presence of a rounder potential. A full analysis of the transformation of
orbital types is beyond the scope of this paper, though it would be interesting to examine the
transformation of orbits selected from a attened distribution function (e.g. Schwarzschild
1979; Statler 1987) in response to the growth of central galactic potential. The q

= 0:9 orbit
almost changes into a loop orbit in response to the central potential while the change in the
elongation of the q

= 0:8 orbit is not as great. One therefore expects that for an initially
triaxial halo the ratio of b=a will increase more than the ratio of c=a, therefore driving the
halo to a more oblate form. The tendency to become oblate will be even stronger for disk
potentials since the change in axial ratio will preferentially occur in the equatorial plane.
In summary, the growth of a central potential can change the shape of halo signicantly
driving an initially prolate/triaxial object to a rounder, more oblate object. The main eect
probably results from the reduction of the elongation of box orbits as they readjust to the
presence of the potential. In the following section, we examine the implications of rounder
halos to galaxies.
4 Implications
4.1 Disk Ellipticity
A rotationally supported disk will be ovally distorted or elliptical if the potential is
attened in the disk plane (Kuijken & Tremaine 1991; Franx & de Zeeuw 1992). For a
massless disk, the disk ellipticity is just the value for a closed loop orbit in the potential
(assuming gaseous orbits do not cross). For a logarithmic potential, the ellipticity of a loop
orbit is approximately equal to the ellipticity of the potential, i.e. 
loop
= 

although the
long axis of the orbits are perpendicular to long axis of the potential. Because of this anti-
alignment, if the disk mass is comparable to the halo mass within the disk the combined
potential is considerably rounder. Disk ellipticities are therefore at most 

but probably
smaller. The ellipticity in the density is approximately related to ellipticity in the potential
through, 

 3

. If we assume that disks mainly lie in the a  b plane of the halo so that
there spin axes are aligned with the halo minor axis, we expect disk ellipticities at most equal
to 
disk
= 

= 

=3  0:10 if dark halos have attenings no smaller than q

= 0:7 in the disk
12
Fig. 6.{Sample box orbits in two attened logarithmic potentials with q

= 0:8 and 0.9 and the
combined potentials including a growing central Hernquist sphere. Box orbits become less eccentric
in response to the growing central potential.
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plane. When the disk mass is comparable to the halo mass, the disk ellipticity is even smaller,
the resulting shape depending on the ratio of masses. Using the epicyclic approximation, for
the combined model of a logarithmic potential and an axisymmetric exponential disk, the
ellipticity of a loop orbit is

loop
=
2v
2
h
2v
2
h
+ v
2
d


(4)
where v
h
and v
d
are the rotational velocities for the halo and disk components. If v
d
 v
h
which we expect, then 
loop
= 2=3

. Of course, the disk is not axisymmetric but slightly
elliptical so the net eect should be to reduce the disk ellipticity even further.
There is evidence supporting a disk ellipticity around 
disk
= 0:10 for spiral galaxies.
Franx & de Zeeuw (1992) set an upper limit of 

 0:10 by making the assumption that
the scatter in the Tully-Fisher relation results solely from the assumption that disks are
axisymmetric (while they are actually ovally distorted). Under the reasonable assumption
that half the scatter comes from random errors, the upper limit is reduced to 

= 0:06.
The distribution of apparent axial ratios of disk galaxies is tted well by assuming that

disk
= 0:10   0:13 (Franx & de Zeeuw 1992). Kuijken & Tremaine (1993) also argue that
the Galactic disk may have an ellipticity, 
disk
 0:10 to explain discrepancies in dierent
methods of determining the velocity of the local standard of rest.
The results of the simulations suggest that q

>

0:7   0:8 in the plane of disk galaxies.
If this is true then we expect disk ellipticities around 
disk
<

0:1 though if disks contribute
an approximately equal mass to the potential then 
disk
<

0:07. The observed value around

disk
= 0:10 is consistent with the halo attenings. If disks contribute signicantly to the net
potential and 
disk
= 0:1 much atter halos are still allowed with q

= 0:5. Unfortunately,
the disk ellipticity only poorly constrains the attening of dark halo in the disk plane since
it is weakly related to the halo attening. However, the measured ellipticities are consistent
with theoretical expectations.
4.2 The Intrinsic Shapes of Elliptical Galaxies
The shapes of dark halos arising in hierarchical collapse simulations with collisionless
particles (Dubinski & Carlberg 1991; Warren et al. 1992) are intrinsically much atter
than the elliptical galaxies. The simulations in this paper suggest that dark halos may be
much rounder than purely collisionless simulations might suggest if a dense lump of baryons
gathers in the center of dark halo. Will elliptical galaxies also be rounder? The answer is not
obvious since dissipation is the usual mechanism to describe the formation of disk galaxies.
In hierarchical models, the formation of galaxies is not the simple two stage model of the
formation of dark halo by hierarchical merging followed by the dissipation of the baryons.
However, both these stages happen simultaneously. Dissipation occurs in every piece of
substructure (perhaps at dierent times and at dierent rates) in the hierarchical collapse
before the nal merging and formation of the galaxy. One might imagine that disk galaxies
result when the baryons in the substructure of the collapse remain gaseous until the time of
merging, while elliptical galaxies form when some or most of the baryons in the substructure
turn into stars before the time of merging. Nevertheless, during the chaotic phase of merging
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substructure the baryons sink to the center whether gaseous or stellar since the dense cores
of galaxies in a merger make up the core of the merger remnant. We therefore expect a
core of segregated baryons made of stars for elliptical galaxies. The stellar component of
an elliptical galaxy in the early stages of its formation will not necessarily be distributed
in the same shape or orientation as the dark halo because of the indirect segregation from
dissipation in the substructure. We might therefore expect to see a similar eect on the shape
of dark halos that we observed by growing disk and spherical potentials. Despite the many
unknowns in the formation history of elliptical galaxies, we make the assumption (perhaps
invalid) that the shapes of elliptical galaxies reect the modied shapes of the dark halos
under the inuence of dissipation and explore the implications for the observed ellipticities
and kinematics of elliptical galaxies.
This paper sets the new constraint that b=a
>

0:8 allowing us to construct a plausible
function for the distribution of intrinsic shapes. The distribution should have the following
properties:
1. The minimumvalue of q
2
 b=a  0:8. Since there is only a narrow range allowed for q
2
it is reasonable to assume that the distribution is uniform in the range 0:8 < q
2
< 1:0.
2. The minimumattening is q
1
 c=a = 0:3 from stability arguments (Merritt & Stiavelli
1990; Merritt & Hernquist 1991). Also we observe no elliptical galaxies atter than
E7.
3. The distribution of attenings is probably unimodal similar to a Gaussian distribution
(Warren et al. 1992). Also the attening is roughly preserved during baryonic infall.
With these various constraints, we can construct a hypothetical distribution function
of shapes and then use it to t the distribution of apparent ellipticities and kinematics
for elliptical galaxies. This derived intrinsic distribution is generally not unique since by
projecting the elliptical galaxies we eectively lose one of the dimensions of the distribution
(see Statler 1993). Nevertheless, the distribution is physically motivated and will give us
a useful consistency check between the distribution of elliptical galaxies and dark halos.
Dening 
1
= 1   q
1
and 
2
= 1   q
2
as in Franx et al. (1991), a simple form of the
distribution of intrinsic shapes is
P (
1
; 
2
) = C exp
(
 
(
1
  

1
)
2
2
2

1
)
(5)
with the constraints that 
1
< 
2
, 
2
< 
2;max
, and 
1
< 
1;max
and C is a normalization
constant. The distribution is uniform in 
2
and thus there is no direct dependence on 
2
in the function. The free parameters are 

1
and 

1
, the mean and dispersion in the halo
attening. The cuto values of the distribution are 
1;max
= 0:7 as determined by the
observation of no elliptical galaxies atter than E7 and 
2;max
= 0:2 because of baryonic
infall.
We now have a plausible distribution function of intrinsic shapes that we can use to t
to the observed distribution of ellipticities. We assume for simplicity that elliptical galaxies
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are perfect ellipsoids even though the observation of gradients in apparent ellipticity might
suggest otherwise (e.g. Franx, Illingworth & Heckman 1989). After nding the best t val-
ues of 

1
and 

1
using maximum likelihood analysis, we can then test if these parameters
are consistent with the measured distribution of halo attenings from N-body simulations
(Warren et al. 1992). We use two samples from the literature for the analysis: the distribu-
tion of 217 ellipticities from Franx et al. (1991) and Ryden's (1992) sample that is based on
Djorgovski's (1985) sample. We divide these samples into 10 bins of width  = 0:05 except
for the last one which contains all galaxies with  > 0:45. Following Ryden (1992), we nd
the most likely values for 

1
and 

1
by minimizing,

2
=
N
b
X
i=1
(N
i
  n
i
)
2
n
i
(6)
where N
i
is the observed number of galaxies in a bin and n
i
is the expected number given
the assumed intrinsic shape distribution function. The distribution of apparent ellipticities,
g(), is
g() =
Z Z
D
P (
1
; 
2
;

1
; 

1
)f( j 
1
; 
2
)d
1
d
2
(7)
f( j 
1
; 
2
) is the conditional probability of apparent ellipticity given 
1
and 
2
(see Binney
1985 or Franx et al. 1991 for the derivation) and D is the domain dened by 
1
< 
1;max
,

2
< 
2;max
and 
2
< 
1
.
The most likely values from the analysis are 

1
= 0:32 and 

1
= 0:094 for the Ryden
sample (chi-squared probability = 0:63 with 8 degrees of freedom) and 

1
= 0:36 and


1
= 0:13 for the Franx et al. sample (chi-squared probability = 0:42). The modal value
of 

1
 0:35 is the approximate value found from Franx et al.'s deprojection using Lucy's
method (1974) when we assume that E galaxies are oblate. This is not surprising since
we've constrained the shapes to have small 
2
or nearly oblate shapes. Figure 7 shows the
68% and 95% (1 and 2) condence intervals for both distribution calculated assuming

2
follows a chi-squared distribution of degree 8. The broad 2 condence limits on 

1
suggest that a model in which the ellipticity distribution is uniform over the given domain
is as plausible as the proposed Gaussian distribution. Figure 8 illustrates the good quality
of the t to the observations for the Franx sample. Franx's sample predicts an intrinsically
atter distribution than the Ryden sample, though the 1 condence intervals overlap for
the distributions. Warren et al. 1991 have the largest sample of dark halos for comparison
to the galaxy attenings. Their distribution of halo attenings peaks around 
1
= 0:55 at 10
kpc and 
1
= 0:45 at 40 kpc with a dispersion  0:15 (see their Figure 7b). The dispersion
in attening is similar though the halos are still slightly atter than the inferred distribution
of elliptical galaxy shapes. We found that a central spherical potential also managed to
increase the attening slightly so this may be adequate to make up the dierence of 0:10
mean value of 

1
.
4.3 Minor Axis Rotation in Elliptical Galaxies
We can also check if this hypothetical shape distribution is consistent with the obser-
vations of minor axis rotation in elliptical galaxies. We assume that the rotation of the
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Fig. 7.{The most likely values for 

1
and 

1
along with the 1 and 2 condence intervals as
determined by a 
2
test. The contours to the upper left are derived from Ryden's (1992) sample
while the other contours are derived from Franx et al.'s (1991) sample.
Fig. 8.{The best t distribution to the distribution of apparent ellipticities for the Franx et al.
(1991) sample.
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Fig. 9.{The distribution of kinematic misalignment angle, 	 for the intrinsic distribution of
shapes with 

1
= 0:64 and 

1
= 0:13 (Franx et al. (1991) sample). A total of 17% of galaxies are
misaligned by more than 30

despite an intrinsic alignment about the minor axis.
elliptical galaxies is about the intrinsic minor axis as in the dark halos (Warren et al. 1992;
Dubinski 1992). With this assumption, we can construct the distribution function of kine-
matic misalignment angle, 	, as dened by Franx et al. (1991). The angle 	 is just the
angle between the apparent minor axis and the projected axis of rotation. Observationally,
the angle is approximated as tan	 = v
min
=v
maj
where v
min
and v
maj
are the maximum rota-
tional velocities measured along the apparent minor and major axes of the observed galaxy.
Figure 9 presents the distribution in 	 assuming the galaxies rotate intrinsically about their
minor axes that can be compared to Franx et al.'s Figure 17a. The distribution is sharply
peaked at 	 = 0

levelling o to a constant value for 	
>

30

. A total of 17% of galaxies are
misaligned by more than 30

compared with 26% for Franx's et al.'s sample (9 of 35 galaxies
with angle errors less than 25

). This is in reasonable agreement though there is a slight
peak of 4 galaxies at 	 = 90

bin which is not consistent with the inferred distribution. The
number of galaxies is small in this bin however, so it may be reecting statistical error. If
the peak is real, the implication is that there is probably some fraction of the population
that rotate about their intrinsic major axes (e.g. Ryden 1992).
5 Conclusions
The formation of the luminous galaxy by dissipative infall can modify the orbits of
dark halos changing the density prole and shape. When a disk forms in the center with
its spin axis aligned with the halo minor axis, the axial ratio b=a can grow from b=a = 0:5
to b=a = 0:7   0:8. The attening c=a does not change signicantly. Dark halos around
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spiral galaxies are probably more oblate than the predictions of dissipationless simulations.
When a spherical potential grows in the center, the halo generally becomes rounder as well
with the largest growth in the axial ratio happening in the plane of the middle and major
axis (a   b plane). Again, halos become more oblate while approximately preserving their
attening although the c=a increases slightly as well.
The net eect is that disk ellipticities should not be as pronounced as originally pre-
dicted though values as large as 
disk
= 0:07 are permitted. If we assume that elliptical
galaxies have the same modied shape distribution as dark halos (i.e. b=a
>

0:8 and c=a un-
changed) the inferred distribution of apparent ellipticities is in much better agreement with
the observed distribution. Halos are still slightly more attened however. The distribution
of misalignment angles also is in fair agreement with the observed distribution when we as-
sume that galaxies rotate about their intrinsic minor axis. The observed peak of 4 galaxies
at 	  90

in the Franx et al. sample may imply a subpopulation of galaxies that rotate
about their intrinsic major axis.
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